Aluminium isophthalate CAU-10-H [Al(OH)(benzene-1,3-dicarboxylate)]$nH 2 O exhibits water adsorption characteristics which make it a promising adsorbent for application in heat-exchange processes. Herein we prepared a stable coating of this MOF and evaluated its long-term stability under closed-cycle conditions for 10 000 water adsorption and desorption cycles, which are typical lifetimes for adsorption heat storage (AHS) applications. No degradation of the adsorption capacity could be observed which makes CAU-10-H the most stable MOF under these humid cycling conditions reported until now. Moreover, thermophysical properties like thermal conductivity and heat of adsorption were directly measured. In order to identify the structural features associated with the adsorption behaviour, the structural differences between the dry and the water loaded CAU-10-H were studied by Rietveld refinements and second harmonic generation (SHG) microscopy. The observed transition of space group symmetry from I4 1 to I4 1 /amd between the humid and dry forms is induced by the adsorption/desorption of water into/out of the MOF channels. This originates from a torsional motion around the C-C bond between the carboxylate groups and the aromatic ring in half of the linker molecules. These observations are in excellent agreement with molecular dynamics simulations which confirm the energetic benefit of this transition.
Introduction
Metal-organic frameworks (MOFs) have been extensively studied with regard to various potential applications.
1 Due to their high porosity, they hold promise as storage and release adsorbents.
2 Their variable composition and tunable surface chemistry 3 make these solids interesting materials for catalysis. 4 MOFs have as well been incorporated into sensing devices. 5 A possible application which came into focus, because of the promising application, is the use of MOFs as adsorbents in adsorption heat transformation, i.e., adsorption heat pumps (AHPs) and adsorption chillers (ACs).
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For a good performance of AHPs or ACs, the (water) vapor uptake should occur in a pressure range between 0.1 and 0.4 p/ p 0 . The adsorption capacity should be higher than 0.2 g g À1 with a steep adsorption step and a small hysteresis for not losing sensible heat. The regeneration temperature should not be higher than 120 C and cycle stability under these adsorption/ desorption conditions should guarantee a material lifetime of several years.
Compared to classical compression chillers, adsorption systems are thermally driven. By the adsorption into a porous material the working uid is removed from the gas phase and subsequently evaporation from the liquid reservoir takes place. Hence, in analogy to an electrically driven compressor used in refrigerators it can be seen as a "thermal compressor".
9-11 In order to remove the working uid from the porous material, heat is used as driving energy. Compared to absorption systems a Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstrasse 2, 79110 Freiburg, Germany. E-mail: stefan.henninger@ise.fraunhofer.de; Fax: +49 761 4588913; Tel: +49 761 45882117 (e.g. salt solutions), low temperature heat can be used in adsorption systems.
12 By the use of recently developed MOFs as porous materials, driving temperatures below 75 C seem to be manageable, thus allowing access to lower energy driving sources. However, while several compounds were investigated regarding their water vapour sorption characteristics, 8, [13] [14] [15] [16] [17] [18] [19] [20] it was also observed that only very few materials withstand the harsh conditions imposed during repeated water adsorption and desorption cycles, which is a prerequisite for their applicability. 7, 20 Long-term multi-cycle water stability is mainly observed for MOFs of the MIL-series. [14] [15] [16] [17] [18] [19] 21 For example, aluminium fumarate can be subjected to 4500 adsorption/ desorption cycles without decomposition. 22 Another MOF showing promising stability is the aluminium isophthalate CAU-10-H (Fig. 1) ; it shows a small reversible structural change during adsorption and no loss in crystallinity or porosity aer 700 water vapour adsorption/desorption cycles. 23 Remarkably, both materials are based on innite chains of AlO 6 -octahedra and exhibit square shaped one-dimensional channels. 24, 25 The underlying mechanism and the structure dependence caused by the adsorption of guest molecules are not yet fully understood. With regard to the intended application in a sorption chiller or a heat pump, further investigations need to be conducted, namely shaping and further stability tests under a closed water vapour atmosphere, accompanied by evaluation of the thermophysical properties.
Thus, herein we report a detailed analysis of this promising MOF including heat capacity (c p ), thermal conductivity and long-term stability measurements, as well as further structural analysis by means of in situ powder X-ray diffractometry (PXRD) during water adsorption studies, Rietveld renement and second harmonic generation microscopy. Experimental investigations are complemented by molecular simulations in order to understand the structural transition and structure-property relationships.
Furthermore, we present an appropriate binder based coating of CAU-10-H on a metallic layer, which has been exposed to an application-oriented multi-cycle water adsorption/desorption test of 10 000 cycles, which is to the best of our knowledge currently the highest water vapour sorption cycle number a MOF has successfully withstood.
Experimental
Sample preparation CAU-10-H was synthesized and activated according to an adapted literature procedure 24 using Al 2 (SO 4 ) 3 $18H 2 O as the metal source (Bernd Kra) and isophthalic acid (Aldrich Chemistry). In contrast to the standard procedure, a round bottom glass ask has been used to prepare larger amounts of CAU-10-H (see ESI † for details).
Coatings were prepared following a previously published procedure, 26 slightly modied and adapted for use with CAU-10-H. 2.085 g of dehumidied CAU-10-H were mixed with 1.408 g of Silikophen® P 50/300 and 6.437 g of xylene. The resulting dispersion was stirred and homogenised in an ultra-sonic bath for 20 min. Subsequently, the dispersion was manually applied with a pipette on 50 Â 50 mm 2 aluminium plates (AlMg3 alloy).
Aer drying at RT, the coated plates were heated to 200 C and cured at this temperature for 2 h. The achieved coating has a mass of 0.253 g with a thickness of approximately 300 mm (see Fig. S1 and S2 in the ESI † for SEM images of the coating).
Characterization
Pore volume and surface area. The pore volume and surface area were obtained by N 2 adsorption isotherm analysis performed on a Quantachrome® Nova at 77 K, aer vacuum degassing (120 C/24 h).
Powder X-ray diffraction (PXRD) analysis. Powder X-ray diffraction (PXRD) analysis was performed on a Bruker D8 Advance diffractometer with DaVinci™ design, using Cu-Ka radiation from a Cu anode tube at 40 kV/40 mA with a Ni lter in Bragg Brentano geometry. An MRI TC-humidity chamber, coupled to a humidied nitrogen ow generated by an Ansyco® humidier, was used for controlled humidity and in situ PXRD cycle experiments. An XYZ Newport stage was used for coated sheets.
In situ PXRD. In situ PXRD cycle experiments were done with the sample held at 40 C and cycled between a wet (40% r.H.) and dry (0% r.H.) nitrogen ow. Aer every cycle, the powder diffractogram was recorded. High-resolution PXRD data for Rietveld renement. Highresolution PXRD data for Rietveld renement were acquired from samples which were loaded into capillaries and sealed either under ambient conditions (hydrated form) or sealed aer evacuation at 0.1 mbar and heating to 200 C (dry form). The data were collected using a STOE Stadi-P diffractometer equipped with a Mythen detector using monochromated Cu Ka1 radiation. The soware used for indexing and renements was TOPAS. 27 The structural data for this paper have been deposited with the Cambridge Crystallographic Data Center (CCDC-numbers 1454066 and 1454067).
In situ second harmonic generation (SHG) microscopy. In situ second harmonic generation (SHG) microscopy was used to study structural phase transitions upon desorption and adsorption. A customized inverted wide-eld Olympus microscope which is described elsewhere 28, 29 coupled to a femtosecond pulsed InSight DeepSee laser operating at a wavelength of 800 nm was used. For the in situ adsorption and desorption, a RH95 Linkam Humidity controller was mounted on the microscope.
Water adsorption characteristics. Water adsorption characteristics were measured as isotherms and isobars using a custom-built Rubotherm thermobalance with enhanced measuring load and cell geometry to allow measurements on coated samples (for details see ref. 26) .
Hydrothermal cycle stability. Hydrothermal cycle stability was investigated by short cycle experiments under isobaric conditions (5.6 kPa H 2 O vapour) between 140 C and 40 C within the Rubotherm thermobalance. This allowed the in situ detection of possible initial degradation during the rst cycles. Advanced long term hydrothermal stability to 10 000 full cycles was acquired within a custom-made closed cycle apparatus, consisting of a vacuum chamber under a pure water vapour atmosphere of 1.2 kPa. The samples are xed on a heat exchanger plate connected to an alternating ow of hot and cold water in order to enable heating at 120 C and cooling at 20 C within 90 seconds. Prior to and aer the treatment, the water uptake of the samples at 40 C and 5.6 kPa was measured within the thermobalance to identify possible loading degradation.
Computer modelling
The unit cell of CAU-10-H was calculated by means of the PXRD data to obtain the fractional coordinates and their occupancy probabilities. Then, implementation of the symmetry operations of the I4 1 /amd crystallographic space group led to the nal unit cell atomic coordinates. Molecular dynamics (MD) simulations were conducted on both the dehydrated and waterloaded CAU-10-H up to 20 ns at 300 K in the isothermal constant-stress ensemble (N, S, T) to account for the sorbent cell's volume and shape uctuations according to a combination of the isenthalpic constant-stress method of Parrinello and Rahman, 30 and the thermostat algorithm of Nosé. 31 However, results based on the Andersen conventional isobaric algorithm, 32 wherein only the pressure tensor is taken into account, namely crystal transformations remain inhibited, are also presented in the ESI † for comparison. The calculated structure was modelled as a fully exible framework; the parameters for the potential functions are detailed in the ESI. † Furthermore, regarding the particular mobility of the ligands of the material, two model options were tested: a stiff version by imposing torsional potentials on them, and another one enabling quasifree rotation around the C-C bonds of the linker carboxylate groups ( Fig. S5 in ESI †). However, only the latter version predicts the structural transition of the CAU cell upon water adsorption; also, it captures the linker dynamics upon water adsorption with respect to the second harmonic generation (SHG) microscopy experiments of this work. Although the scope of the modelling work of this article is not the derivation of a strict force eld for this sorbent, one could conclude that a realistic representation for its linkers denitely opts for ex-ible states. The guest water interactions were described by the SPC/E model. 33 The water model was kept rigid by constraining the two bond lengths and the angle between them by means of the SHAKE 34 algorithm.
Results
Water uptake and stability characteristics under closed system conditions
Coating preparation was successful as the crystal structure of CAU-10-H is preserved, as proven by PXRD measurements (Fig. 1) . Furthermore, the sample showed good accessibility for water, as the maximum water uptake of the coated sample was determined at 0.26 g g À1 (g water per g of coating (CAU-10-H + binder)) at p/p 0 ¼ 0.76 (Fig. 2 ).
This corresponds approximately to 76-79% of the maximum pure powder capacity (i.e. 0.33-0.34 g g À1 ) at maximal loading.
This is in good agreement with the MOF content of approximately 76 wt% within the coating calculated from the initial composition. Thus, it can be concluded that the coating formulation does not impede the accessibility of the micropores.
With regard to hydrothermal stability, cycle experiments were rst performed in the thermobalance, as strong degradation of MOFs typically occurs during the initial cycles. 22 Thus, the coated samples were tested under closed-system conditions.
A very small degradation is visible in these 7 cycles, as shown in Fig. 3 . The maximal water sorption capacity in the beginning is 0.264 g g À1 whereas aer 7 cycles 0.261 g g À1 is observed. The total capacity loss amounts to 0.003 g g À1 , 2.3%. In addition, the dry mass decreases from 0.253 g to 0.252 g which leads to a very small loss of 0.001 g or 0.4%. This can be attributed to a small rearrangement in the crystal or occupation of active sites by water which is then bound too strong to free these sites under cycle conditions. Also the loss in dry mass could be due to the sublimation of unreacted linkers under cycle conditions. This effect is stabilized aer some cycles. Following these very promising initial results, the sample passed 10 000 water adsorption/desorption cycles in the custom-made cycle test rig. In contrast to the thermobalance, this setup does not allow an in situ determination of the water uptake. Thus, the uptake capacity was measured aer 1000, 5000 and 10 000 cycles within the thermobalance. No loss of uptake capacity, within the measurement error, was observed (see Fig. 4 ).
In addition, the powder X-ray diffractogram before and aer 10 000 adsorption/desorption cycles showed that all reections are preserved and no change in crystallinity is visible (Fig. 2) .
In situ PXRD structural stability investigation upon water adsorption/desorption With regard to the known structural change upon adsorption of guest molecules, especially water, adsorption/desorption experiments were conducted under in situ PXRD observation (Fig. 5) . Aer 20 cycles, there are no changes in the PXRD pattern; the reections of the material show the same intensity as those of the fresh powder. In addition, no increase of amorphous background is visible.
These results are in line with the cycling results by thermogravimetry leading to the conclusion that there is no degradation of the material.
Rietveld renements of the wet and dry structures
The in situ measurements at different relative humidity values unambiguously prove a phase transition between the known non-centrosymmetric form of CAU-10-H and a not yet reported dry, centrosymmetric conformation. Although the structure of hydrated CAU-10-H has been reported previously, the structure was revaluated since better PXRD data could be obtained. In the light of these results, high-resolution PXRD data were analyzed and crystal structures of the dry and wet forms were obtained by Rietveld renement, taking also into account the results of SHG-microscopy (see below). For details on the experimental procedure, please see ESI. †
The most relevant parameters of the renement are summarized in Table 1 . The asymmetric units, relevant bond distances and the nal Rietveld plots are given in the ESI. † In situ SHG structural transition observation upon water desorption and adsorption Using Second Harmonic Generation (SHG) microscopy, noncentrosymmetric to centrosymmetric transitions can be observed, as only non-centrosymmetric crystals generate an SHG signal, whereas centrosymmetric structures cannot. 35 To study the effect of guest water molecules on the crystal structure, the SHG intensity of CAU-10-H was recorded in situ upon variation of relative humidity. Fig. 6 shows clearly that a phase transition occurs upon adsorption and desorption of water. The Fig. 3 In situ hydrothermal cycles of the CAU-10-H coatings under a pure water vapour atmosphere at 5.6 kPa. The sample was thermally cycled between 40 C and 140 C. Loading in blue and temperature in red. Fig. 4 Comparison of the uptake capacity prior to cycle treatment, after 1000 and after 10 000 adsorption/desorption cycles. centrosymmetric to non-centrosymmetric phase transition sets in at 20% relative humidity. This value corresponds to the water adsorption starting point on the adsorption isotherm, as reported by Reinsch et al. 24 Therefore, it can be concluded that adsorbed water molecules cause the structure to be organized non-centrosymmetrically, whereas the absence of H 2 O leaves the structure centrosymmetric.
Structure description
The framework structure of CAU-10-H is formed by the interconnection of fourfold helical chains of cis-corner sharing {AlO 6 } octahedra by isophthalate linker molecules (1,3-benzenedicarboxylate). Four oxygen atoms in each polyhedron originate from four different coordinating carboxylate groups while two cis standing hydroxide ions induce the helical shape of the inorganic building unit. The organic moieties connect each chain to four adjacent inorganic units and thus square shaped one dimensional channels are formed (Fig. 7) .
Adjacent chains in the framework exhibit different orientations; thus, half the helices are 4 1 helices while the other half represents 4 3 helices. Due to the high symmetry of the structure, all linker molecules are arranged in an identical fashion. They are arranged pairwise with centroid-centroid distances between the aromatic rings of 3.62(2)Å, indicating p-stacking interactions between the aromatic moieties. The resulting minimum diagonal distance of the channels based on the vdW-radii of the framework is thus approximately 3.6Å.
Upon dehydration/rehydration, no bonds are broken and the observed phase transition can be attributed to conformational changes which result from coordination of water molecules. The differences in the crystal structures and, thus, in space group symmetry are due to slight rotations around the C-C bond of the carboxylate groups. These torsions are much stronger in the hydrated form compared to the dry form. Although the accuracy of the rened structure is limited due to the absence of single crystal diffraction data, this can be well observed in the rened crystal structures. In the structure of CAU-10-H, only half a linker molecule is present in the asymmetric unit and the averaged value for the O-C-C-C torsion angle is 13. 5 . In the crystal structure of CAU-10-H-H 2 O (Fig. 8) , two complete linker molecules are present in the asymmetric unit. For one of the molecules, this angular tension is apparently relaxed and O-C-C-C torsion angles with average values of 14.3 and 2.5 are observed. The other linker molecule is more stressed than in the dry state and the O-C-C-C angles amount up to 33.5 and 33.8 . These latter linker molecules also point more strongly into the framework channels narrowing their minimum distance from 3.6Å to only 2.4Å. This is also accompanied by the slight tilting of the inorganic building units around their symmetry axis. This structural change is induced by the adsorption of water molecules. These are found close to the bridging OH-groups (shortest O-O distance 2.80(2)Å and 2.94(2)Å) but also close to coordinating carboxylate oxygen atoms (2.85(2)Å and 2.95(2)Å). Several other close proximities can be observed between the guest molecules inside the pores (for details see ESI †). These structural changes affect the unit cell parameters and upon hydration the unit cell volume is increased by z1.7% due to an anisotropic expansion. While the a and b parameters decrease upon hydration from 21.52 to 21.29Å, the c axis is expanded from 10.32 to 10.73Å.
Thermophysical characteristics
Heat capacity and conductivity of the coated material. The heat capacity and conductivity of CAU-10-H have been measured for the powder as pressed pellets and for the coated sample (Fig. 9) .
The heat capacity for the pure powder is in the range of 1. where R is the universal gas constant, p is the numerical value of the equilibrium pressure and T is the temperature in K.
For the calculation, the three isotherms were transformed into a form with the relative loading in mol H 2 O over absolute pressure in Pa. The loading of the rst isotherm was split into 1000 steps. For each step, pressures of the three isotherms with the same loading were calculated using linear interpolation between the measurement points, resulting in a list with 1000 loadings and the corresponding three pressures. For every step, the natural logarithm of the three pressures was plotted against the reciprocal temperatures of the isotherms 1/T, and a linear t between the points was made. The slope of this straight line is DH ads /R. Fig. 10 accounted by uncertainties in the measurement.
Molecular dynamics computer simulations
The simulated IR spectrum of CAU-10-H was computed by means of the Fourier transform of the correlation function of the dipole moment vectors 40 using the quasi free modelling for the linkers; the latter option proved to be in acceptable agreement with the experimentally measured spectrum (Fig. S9 †) . Details on adapting the Dreiding generic force eld to this sorbent with respect to the experimental spectrum and the derivation of the partial charges of the host atoms are given in the ESI. † The molecular dynamics revealed a "apping" motion of the benzene rings around the C-C bonds of the linker carboxylate groups (Fig. S5 †) , thus taking conformations between two extrema with the one being almost parallel (state I) and the other being vertical (state II) to the channel axis, so that conformations of the linkers approaching the state I or II can widen or narrow, respectively, the effective path-width of the channels.
In Fig. 11 , the correlation probabilities between the dihedral angles 4 1 and 4 2 denoting the motion of the carboxylate group relative to the aromatic ring (Fig. S5 †) are presented, over the total number of ligands (sixteen ligands per unit cell), for both the bare and water-loaded materials at 0.032 and 0.303 g g À1 . It is shown that in the dry material the most probable conformations are achieved when the aromatic rings tend to lie almost parallel along the z-direction. It is worth mentioning that simulation can predict a spectrum of angle values in addition to the experimentally measured average of 13.5 .
The above situation changes gradually upon water adsorption, in the sense that the increasing guest concentration gives rise to two distinct sets of conformations between the vicinity of states I and II separated by a lower probability region, thus forming a free energy barrier of about 3k B T, where k B ¼ 1.3806 Â 10 À23 J K À1 is the Boltzmann constant; presumably this is a consequence of steric hindrance phenomena at higher loadings up to saturation. Furthermore, the Gibbs free energy prole, G(4 a ), a ¼ 1, 2, shown in the same gure for the rst dihedral, was calculated over a sequence of angles between states I and II by
The vector r N constitutes the sampled congurational space through the set of N total degrees of freedom for the system guest plus host. The above ratio is actually a mean value of a delta distribution, sampled over the states of the (N, P, T) ensemble under the prescribed pressure, P (loading), and T, therefore dening the probability density, r(4 a ), a ¼ 1, 2, of having a ligand conformation at the angle 4 o , with dimensions [rad À1 ]; this quantity is normalized by the uniform probability density, r ¼ 1/u, over the totally sampled angle, u, so that to become dimensionless in the logarithm. The MD simulations in the N, S, T ensemble by means of the quasi free ligand version predict an anisotropic structural transition of the unit cell upon water adsorption. In particular, the unit cell contracts in the [100] and [010] directions and expands at the same time in the [001] direction, resulting in a volume increase of approximately 1.9% close to saturation. This nding may be attributed to the aforementioned ligand preferred conformation with increasing water loading. The average unit cell edges were calculated for the water uptakes of 0.005, 0.011, 0.022, 0.032, 0.065, 0.151, 0.216, 0.281, 0.303 and 0.368 g g À1 as illustrated in Fig. 12 . It is also observed that at saturation where the system becomes much congested the unit cell starts expanding, thus explaining the predicted increase of the a and b axes. The variation of the three angles of the unit cell shown in the same gure was also recorded during the run, showing no deviation from the 90 degrees on the average for a fully equilibrated MD trajectory. We found that the guest molecules are primarily adsorbed in the proximity of the AlO 6 polyhedra via hydrogen bonding to the O1 and H7 atoms of the bridging OH groups and the O2 and O3 oxygen atoms of the carboxylate groups (see Fig. S5 and calculated radial distribution functions in Fig. S10 †) . As loading increases further, the guest-guest interactions dominate as a result of the hydrogen bonding, therefore, giving rise to water clusters which may exert steric effects on the linkers that alter their position (Fig. 11, S11 and S12 †); this phenomenon leads to a distortion of the CAU framework. It must be stressed here that the anisotropic structural transition is not observed when imposing torsional potential on all dihedral angles controlling the motion of the CAU-10-H linkers (see Fig. S7 and S8 †). This nding supports the result that this anisotropic structural transition of the CAU cell can be mainly attributed to the ligand reorientations upon water sorption. The predicted isosteric heats of water from MD in the CAU sorbent were calculated aer developing a Widom type scheme 41 using the following equation for the loadings shown in Fig. 10 .
r t represents the degrees of freedom of the test water molecule and DV (r t ; r N ) stands for the potential energy change of the system energy, V (r N , c N ), upon the insertion of a test sorbate molecule.
In other words, the above equation entails: rstly, an ensemble average of the change in potential energy (and its Boltzmann factor) brought about by the random insertion of a "ghost" (test) water molecule, namely, interacting with the host atoms and guest molecules without perturbing the current conguration; the average is carried out over the states (snapshots) of the system as they are created during the MD trajectory. And secondly, evaluation of a spatial integral over a sequence of random insertions and orientations of this test molecule within the current CAU volume is carried out at each state. The described averages are denoted by h.i W . f b is the fugacity of the bulk phase; at low pressures it becomes pressure, hence the derivative in the above equation decays.
It must be stressed that in our simulations the equation above represents the congurational part of the differential heat of sorption since it is related to the congurational part of internal energy, namely the potential energy, V .
Cooling performance
The water adsorption data were transformed according to the Dubinin-Astakhov approach leading to the following equation for the equilibrium loading capacity as a function of the adsorption potential:
where the adsorption potential is given by
The transformation leads to a fairly smooth characteristic curve with a steep step between 200 J g À1 and 250 J g À1 of the adsorption potential. By the use of this rough thermodynamic model, the potential of the working pair water/CAU-10-H has been evaluated under different boundary conditions. At rst, the sensitivity of the uptake capacity with regard to the desorption conditions, i.e., the condenser and desorption temperatures, was calculated. As shown in Fig. 13 , the CAU-10-H can be easily regenerated by a very low desorption temperature. Even at a high condenser temperature of 35 C, a desorption temperature less than 75 C is sufficient to completely dry the material. With lower condenser temperature, the required driving temperatures decrease with a minimum of 70 C at a condenser temperature of 27 C.
In addition to the desorption conditions, the sensitivity for the adsorption conditions, i.e. the heat rejection and the chilling temperatures (evaporator), was evaluated. As can be seen in Fig. 14, CAU-10 performs best either at heat rejection temperatures below 30 C and/or for evaporator temperatures above 10 C with almost the maximum uptake of approximately 0.32 g g À1 . Surprisingly, nearly the whole uptake capacity can be achieved with heat rejection temperatures below 30 C for almost the whole range of chilling temperatures. In addition, the full uptake can be achieved even at a very high heat rejection temperature of 35 C, if the chilling temperatures can be increased above temperatures of 12 C. Thus, this working pair is highly interesting for very low driving heat cooling applications.
As this eld of application is not accessible by current stateof-the-art materials, CAU-10-H clearly closes a gap, thus allowing new adsorption chilling applications.
Conclusions
The results described herein demonstrate that CAU-10-H remains stable during several thousand adsorption and desorption cycles with water as working uid.
Due to its thermophysical characteristics, it is a suitable adsorbent for application in adsorptive cooling application with water as the working uid. The water uptake of 0. 26 lack stability upon cycling. The successful coating procedure, the high stability up to 10 000 cycles under working conditions, the nearly perfect shape of the isotherm and the high uptake capacity make CAU-10-H the best performing MOF for heat pump applications reported until now. For a successful market introduction, it will be necessary to develop an industrially more feasible and scalable route for its synthesis. The structural transition which was characterised in detail indicates that the exibility of this material is dominated by a torsional motion within the linker molecule, which nevertheless does not lower the stability of the MOF. Since this is the second MOF demonstrating such long-term stability and since the rst MOF with such properties (aluminium fumarate) is also based on Al 3+ , we assume that Al-based MOFs are the most promising MOF adsorbents for application in water based heat pumps. One major challenge in the future will be the development of better MOF adsorbents in which the stability is preserved while the capacity and therefore the amount of converted energy are increased. Fig. 13 Projection of the uptake capacity versus the chilling and heat rejection temperatures, showing a very broad plateau with maximum uptake capacity for a large range of boundary conditions.
Fig. 14 Calculation of uptake capacity vs. desorption temperature and condensing temperature. As illustrated by the red line, CAU-10-H can be completely dried at all typical condenser temperatures used in cooling application with a desorption temperature less than 75 C.
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